Background and purpose The human X chromosome is enriched with testis-specific genes that may be crucial for male fertility. Mutations in USP26 gene have been proposed to be associated with male infertility. Moreover, the importance of the ubiquitin pathway during different stages of mammalian fertilization and even embryo development has been addressed. Some mutations and haplotypes on this gene have been proposed to be associated with male infertility. In this study, five different mutations on USP26 were investigated: 1737 G>A, 1090 C >T, 370-371ins ACA, 494 T>C and 1423 C>T. Methods The study included 166 infertile men with nonobstructive azoospermia, 72 male partners of couples who had previously experienced ≥3 clinical first trimester spontaneous abortions and 60 fertile men. Besides family history of reproduction, hormonal evaluation and semen analysis were performed. DNA was extracted from blood samples. PCR-SSCP, PCR-RFLP and PCR Product Cloning methods were used and resumed by sequencing to insure about the mutations. Moreover, USP26 gene expression was studied by Real-Time PCR after RNA extraction followed by cDNA synthesis from 24 testis biopsies in obstructive and non-obstructive azoospermia patients.
Introduction
Infertility affects 10 %-15 % of couples, with 20 % of such cases being caused by pure male factor infertility [1, 2] . Although there are many factors that contribute to male infertility, in nearly 50 % of infertile men the cause cannot be identified and this situation has been defined as unexplained or idiopathic, however some causes of male infertility have been determined [2] . Some studies suggest that impaired spermatogenesis is an essential etiology of male infertility and that genetic disorders affecting spermatogenesis might be responsible for many cases of idiopathic infertility [3] . In recent years, a lot of attention has been paid to genetic causes of male infertility. Yq microdeletions have been detected in 5 %-15 % of males with spermatogenic defect using specific sequence-tagged sites (STS) in long arm of Y chromosome [4] . In addition to Y chromosome microdeletion and mutation of autosome genes, X chromosomes are also closely related to male fertility; however, the underlying molecular mechanisms are still unknown [3, 5] . There has been an intensive search in such genes located on the X chromosome as men are hemizygous for this chromosome [6, 7] . Nishimune et al. [8] observed many genes on the X chromosome that are related to male infertility. One of those genes is ubiquitin-specific protease 26 (USP26), first identified from a screen for X-linked genes involved in spermatogenesis by Wang et al. [9] , who confirmed the expression of USP26 RNA in mice testis. USP26 belongs to a family of deubiquitinating enzymes (DUB), which play an important role in numerous biologically important cellular processes including control of growth, differentiation, oncogenesis and genome integrity [10, 11] . Deubiquitination of macromolecules by DUB, including ubiquitin proteases, can rescue macromolecules from degradation through substrate-specific, Nterminal dependent, enzymatic reaction [12] . During spermatogenesis, these enzymes might be involved in processes such as the removal of histones, regulation of protein turnover during meiosis, germ cell apoptosis, mitotic proliferation and differentiation of spermatogonial stem cells [13] [14] [15] [16] [17] [18] [19] . USP26 consists of a single exon and is located on Xq26.2. The mRNA sequence of the USP26 gene is 2,794 bp long and its protein consists of 913 amino acids (Genbank:NM_031907.1). Exclusive expression of the gene in the testis was determined in both mice and humans. Its mouse homolog was found to be only expressed in spermatogonia [9] . Given the importance of DUBs, the testis-specific expression of USP26, its putative role in regulation of the spermatogenesis, and its location on the X chromosome, which limits the gene to a single allele in an individual, this gene have been considered as a novel and attractive candidate gene for the study of male infertility [6, 8, 9] .
In average, spontaneous pregnancy loss is a disappointing condition and a common occurrence, with approximately 15 % of all clinically recognized pregnancies resulting in pregnancy failure. Recurrent pregnancy loss (RPL) has been inconsistently defined. When defined as three consecutive pregnancy losses prior to 20 weeks from the last menstrual period, it affects approximately 1 % to 2 % of women of childbearing age [20] . Although some causes have been identified, others remained unclear. Thus, 50 % of couples are still classified as having unexplained RPL, since the underlying mechanisms have not been identified yet [21] . However, most of known causes are related to the female, with the male's contribution remaining relatively underexplored. We knew from the past that abnormal numbers of chromosomes or abnormal rearrangements of chromosomes in the male parent will result in a higher miscarriage rate, and reduced fertility [22] . In couples with recurrent miscarriage, the incidence of either of the partners being a carrier of a structural chromosome abnormality is ∼3-4 %, mainly consisting of reciprocal translocations (61 %) and Robertsonian translocations (16 %) [23, 24] . It is found that the chromosomes within the spermatoozoan itself can be altered over time due to paternal age, medicinal effects, radiation effects, or environmental factors [25] . Sperm DNA fragmentation has been related to male subfertility, sporadic abortion and poorer reproductive outcome, especially after assisted conception technologies [26] [27] [28] [29] [30] [31] , but with contradictory results [32] [33] [34] [35] . Increased histone levels in sperm DNA after complete differentiation is associated with increased sperm DNA damage [36] . Anything that damages the sperm's DNA integrity can significantly increase DNA fragmentation which also can result in higher miscarriage rates [21] . Moreover, previous studies have addressed the importance of the ubiquitin pathway during mammalian fertilization, including acrosomal function, spermatozoa-zona pellucida (ZP) penetration, embryo formation and even embryo development [37] [38] [39] .
Several sequence changes in the USP26 gene were detected in populations of men with severe male factor infertility; including men with Sertoli cell only syndrome (SCO) and maturation arrest [6, 40] . Three mutations, usually found to be clustered in the same allele, were detected in these patients. The cluster mutations were 370-371insACA, 494 T>C and 1423C>T, which led to the amino acid changes T123-124ins, L165S and H475Y, respectively. The coexistence of these three changes in a cluster might point to a specific X chromosome haplotype. Interestingly, in a publication on USP26, the authors identified additional compound mutation that included the 370-371insACA mutation and a new change (460G>A) in the USP26 gene that might cause spermatogenesis impairment in a small group of Chinese infertile oligozoospermic men [1, 40, 41] . Paduch et al. (2005) [40] demonstrated two additional changes, 1090C>T and 1737G>A, with frequencies of 4.3 and 1.6 %, respectively, but they were not investigated in greater depth.
Consequently we proposed, for the first time, the screening of USP26 gene alterations as a work-up tool not only for infertile men with azoospermia, but also for the males of couples with recurrent pregnancy loss (RPL). Accordingly, further studies based on a large group of patients with diversified ethnic backgrounds will be valuable to clarify the role of the observed genetic variants and haplotypes of USP26 in male infertility and in RPL. Therefore, we investigated the five most frequent changes (370-371insACA, 494 T>C, 1423C> T, 1090C> T and 1737G>A) and assessed their frequency in 298 Iranian men with known fertility status (166 men with Azoospermia, 72 male partners of women with idiopathic RPL and 60 fertile men with normal spermatogenesis). Moreover, the relation between the level of USP26 gene expression and spermatogenesis progress and also different form of spermatogenic failures were assessed. We also compared our results with clinical findings.
Materials and methods

Study subjects
The study was approved by the Ethical Committee of Royan reproductive and biomedicine research center. All donors gave their informed written consent prior to participation and completed a written questionnaire to obtain information related to their family history and ethnic. The predominant ethnic background of all groups was Iranian (>95 %). All samples were collected during a three-year period (2010-2012).
Azoospermic men One hundred sixty six infertile men presenting non-obstructive azoospermia were enrolled. The mean age of the azoospermic men was 36.5±5.82 years. Individuals previously diagnosed with any condition or treatments connected with infertility (e.g., cystic fibrosis, Klinefelter syndrome, varicocele, chemotherapy, AZF genes micro deletions, etc.) were not included.
Male partners of women with idiopathic RPL This group was composed of the male partners of 72 Caucasian couples who had previously experienced ≥3 clinical first trimester (5-14-weeks) spontaneous abortions, with normal karyotypes of both male and female and no autoimmune or endocrine disorders. These couples had not attempted assisted reproduction treatments at the time they were accepted for the study. Only men with normal semen analysis with history of RPL were enrolled. The mean age of the men was 34.38±4.52 [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] years.
The patients were evaluated according to the standard protocol. Patients with any identifiable cause of male infertility, including congenital bilateral absence of vas deference (CBAVD), cryptorchidism, varicocele, diabetes mellitus or hypertension, or with history that may affect spermatogenesis (e.g., orchitis, trauma, malignancies, etc.) were excluded from the study group. All of the patients underwent comprehensive characterization, including a detailed history, physical examination, at least two semen analyses, hormonal assays (luteinizing hormone [LH] , follicle stimulating hormone [FSH] and testosterone [T]), karyotyping and a molecular test for Y-chromosomal deletions. Chromosome analysis was performed using the GTG method (G-banding by Trypsin-Giemsa technique). Molecular analysis of Ychromosomal deletions included a combination of nine gene-based primers, as described previously [4] .
Female partner of all these patients were normal. Women with idiopathic RPL were defined as women who had had three or more consecutive pregnancy losses. The mean age of these women was 28.46±4.34 [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] years. The number of miscarriages ranged from three to seven, and the mean was 3.29±0.9. The women were found to have a normal blood karyotype, a normal uterus by vaginal ultrasonography or hysterosalpingography, normal ovarian function, a normal level of thyroid hormones and fasting blood glucose, negative antiphospholipid antibodies, absence of activated protein C resistance, normal serum homocystine level, normal plasma protein C and protein S levels and none had polycystic ovary syndrome. In addition, for women with RPL, MTHFR C677T, factor V Leiden G1691A and prothrombin G20210A mutations were analyzed and genetic thrombophilic factors discharged.
Controls Sixty men with proven fertility were examined as control group. None of the fertile men had a clinical history of varicocele, cryptorchidism or inguinal hernia. All of the control subjects had normal semen analysis, at least one child within 3 years without assisted reproductive technologies and no history of miscarriages. The mean age of control group was 34.5±6.17 years. All patients and control subjects were Iranian, and live in different places in Iran.
DNA extraction and mutation analysis DNA was extracted from peripheral blood lymphocytes using Salting out DNA extraction method [42] . All reactions were optimized to give clean ample quantities of DNA. The 370-371insACA mutation was analyzed by 10 % acrylamide gel, and PCR-SSCP method while the 494 T>C, 1423C>T, 1090C>T and 1737G>A mutations were detected by restriction analysis performed on the PCR products and analyzed on an agarose gel (1.7 %). A mismatch in the forward primer was introduced for distinguishing between the normal allele and the mutant allele on position 1737 by restriction with FokI. The specific restriction enzymes and primers pair for each mutation were selected according to Ribarski et al.; 2009 [41] and are summarized in Table 1 . Cloning and sequencing were performed for confirming PCR-SSCP analysis results. Sequencing of PCR products was carried out by Fazabiotech Company (Tehran, Iran) according to Sanger method using ABI 3730XL Capillary Sequencer. Sequencing results were compared with the sequence of normal USP26 gene (NC_000023) obtained from the NCBI website: http:// www.ncbi.nlm.nih.gov (Fig. 1 ).
Tissue samples, mRNA extraction and expression study Ethical approval and informed patient consent was obtained for the use of tissue samples in this study. In brief, testicular biopsies from 24 azoospermic infertile men were analyzed. The mean age of these men was 33.2±6.1 years.
Testicular tissue was obtained from unused portions of multi-site testicular biopsies (TESE) for diagnostic and therapeutic reasons from patients undergoing ICSI treatment at the same time. The tissues were immediately snap-frozen in nitrogen vapor and kept at −80°C until RNA extraction. In order to examine USP26 mRNA expression pattern in human testis, total RNA was extracted from 24 testicular samples; eight patients with obstructive azoospermia and normal histology, nine patients with Complete Maturation Arrest at Spermatocyte level, and seven patients with Sertoli Cell Only syndrome (SCO). The integrity of total RNA was checked by denaturing formaldehyde/MOPS/1 % agarose electrophoresis and the purity was checked by UV-spectrophotometry in 10 mM Na 2 HPO 4 /NaH 2 PO4-buffer (pH 7.0). The A 260 /A 280 -ratio was >2.0. Two distinct ribosomal RNA bands were identified in each sample examined. To amplify USP26 from cDNA, the following set of primers was used:
5′-TCC TTA AAC TAG CAG CAC CA -3′ 5′-AAA CTG TAT CAA GCA TCA CGG -3′ (139-bp long product).
GAPDH was used to verify the quality of cDNA synthesis and PCR reaction. The following set of primers was used to amplify GAPDH: a The three mutations that were always found in the same allele b The mismatch added to the primer is in bold underline between all groups, the χ 2 -test and Fisher Exact test were used. P-value of less than 0.05 was considered as a significant level. Student's t-test assessed the significance of testicular volume, FSH, LH and testosterone level between the groups. All statistics were performed at the Epidemiology Department of Royan reproductive biomedicine research center.
Results
Detailed description of identified mutations
In total, five genetic variants were investigated, including one insertion variant 370-371insACA, causing a threonine insertion in amino acid position 121, and four SNPs, 494 T>C, , 1423C>T, 1737G>A and 1090C>T. Four SNPs were predicted to create amino acid alteration: 494 T>C changes a Leucine into a Serine (L165S); 1423C>T substitutes a Histidine for a Tyrosine (H475Y); and 1737G>A substitutes a Methionine for an Isoleucine (M579I). Totally 25 mutations in azoospermic group (%15.1), 14 mutations in male partners of women with idiopathic RPL (%19.4) and only three mutations in control group (%5.0) in USP26 gene were revealed. The frequency of mutations in azoospermic cases and men with history of idiopathic RPL was significantly higher than that of in control groups (p<0.05) (Fig. 2) . Table 2 shows the result of haplotype observations. Haplotype analyses released that 370-371insACA and 1423C>T variant sites are always together. Wild type of 494 T in combination with 370-371insACA and 1423C>T was only observed in azoospermic patients (4 men), although, in all groups there are cases who are carrying 494 T>C with above mentioned variant sites too. This haplotype was detected in three azoospermic men with Sertoli cell-only (SCO) syndrome and in one man with maturation arrest. The 1737G>A substitution occurred only in three azoospermic patients but not in the other groups. The 1090C>T substitution occurred twice in azoospermic patients and also twice in men with history of idiopathic RPL but it wasn't seen in control group. Of the five variants, 1737G>A only was seen exclusively in azoospermic group.
Allelic frequencies for each sequence variant of USP26 are shown in Table 3 .
Phenotypic changes identified in patients with USP26 mutations No significant differences in the testis volume were observed between infertile men (azoospermic cases and men with history of RPL) with (n=19; 14.41±7.39 ml) and without (n=219; 15.1±8.42 ml) the mutations (P=0.26). The level of testosterone was normal in 82 % of men without mutation while 78 % of cases with mutation had a normal testosterone range. Although the level of testosterone was slightly lower in infertile men (both azoospermic men and men with history of RPL) with mutation than that of in men without mutations, but the difference was not statistically significant. Besides, no significant difference was found between serum FSH and LH between infertile men with and without the mutations. As the mutations were detected only in one man in control group, no comparison of mean serum hormonal levels between men with and without mutation was possible in this group. The results are summarized in Table 4 .
Testicular tissues from azoospermic patients who underwent TESE were histologically and cytologically evaluated. Accordingly, 56 (33.73 %) men had hypospermatogenesis, 50 (30.12 %) had complete maturation arrest at spermatocyte level and 60 (36.15 %) had SCO. Changes in the USP26 gene were found in 8.33 % (5/60) of patients with Sertoli cell-only syndrome (SCOS) and 8 % (4/50) of patients with complete maturation arrest. Moreover, these modifications were also found in 7.14 % (4/56) patients with hypo spermatogenesis or incomplete maturation arrest. No significant associations were found between the presence of USP26 mutations and the result of testis histological and cytological patterns (p>0.05).
Expression & real time analysis
To evaluate the differences of USP26 gene expression in testes of azoospermic patients with different pathological results, quantitative RT-PCR was performed. GAPDH primers were used as internal control. In order to minimize the experimental error, all the stages except RNA extraction were repeated twice. Data analysis were done by 2^-Δct (Fig. 3) . The results indicated that USP26 is expressed in testis with normal histology, as well in testes samples with SCO and complete maturation arrest. The USP26 gene expression in infertile men with obstructive azoospermia is higher than that of patients with SCO and complete maturation arrest. The statistical analysis showed that there is a significant difference between the expression levels of USP26 gene in tissues of obstructive azoospermia and complete maturation arrest samples compared to SCO samples (P<0.05). Although the USP26 gene expression rate in patients with complete maturation arrest was slightly lower than that of in patients with obstructive azoospermia, It was not statistically significant (P>0.05) (Fig. 3) .
Discussion
There are more than 3,000 genes which are involved in the genetic network required for male fertility [43] . Different studies have been mainly focusing on genes with a testisspecific expression pattern. The human X chromosome is enriched with testis-specific genes that may be crucial for male fertility [9] . One of them is USP26 and several papers have described the role of its mutations in male infertility [6, 13, 15, 40, 41] . It is a deubiquitinating enzyme and plays an important role in a wide variety of cellular processes such as the ones described before [13, 44, 45] . Studies in mice have shown the presence of USP26 mRNA throughout all stages of spermatogenesis [9] . Although the expression pattern was firstly reported to be testis-specific in mice and humans [6, 9, 40] , it was demonstrated that it can be expressed in human ovary as well, at a level 10-fold lower than in the testis [46] . According to this expression pattern and the importance of ubiquitin and deubiquitinating enzymes in different cellular processes, we supposed that USP26 might have a key function during spermatogenesis. We analyzed azoospermic patients with various histological patterns of spermatogenic defects (Sertoli cell-only syndrome and maturation arrest) for the presence of mutations in USP26. There were no significant associations between the presence of USP26 mutations and the testis histological and cytological patterns. All of the selected sequence changes in the USP26 gene were detected in some infertile azoospermic men (Table 3) . In 4 azoospermic patients only 370_371insACA and 1423C>T were observed. Moreover, three mutations (370-371insACA, 494 T>C and 1423C>T), usually found to be clustered in the same allele [1, 40, 41] , were detected in 4 azoospermic men. We also found some cases in the other two groups who had the same genotype (Tables 2 and 3 ). The coexistence of these three changes in a cluster, point to a specific X chromosome haplotype. This combination of changes was also detected in the study of Paduch et al. in four patients. They have found none of these changes in their control group [40] . In contrast to their results, in this study, the combination of 370_371insACA, 494 T > C and 1423C>T were detected in patients with the history of RPL and also in our control group (Tables 2 and 3) .
Although the study of Paduch [40] suggested that a specific genetic cluster (370-371insACA, 494 T > C and 1423C>T) might be associated with testicular dysfunction, other studies showed that this genetic cluster was not limited to men with testicular dysfunction [47, 48] . Our results are in concordance with theirs. In the report of Ravel et al. [47] , the haplotype was identified in significant frequencies in some populations, including those with known fertility. In another report examining the haplotype frequency, Stouffs et al. [48] examined a large group of Caucasian patients and control subjects and detected the haplotype in a single fertile control, consistent with the findings by Ravel et al. [6, 47] . On the other hand, some of previous case-control studies revealed no significant association of the 370-371insACA, 494 T>C and 1423C>T genotype with male infertility [6, 40, [47] [48] [49] . In one report, by Stouffs et al. [48] these changes were identified in 7.2 % of individuals screened with Sertoli cell-only syndrome (SCOS) but in none of the individuals with maturation arrest or with known fertility. The same changes were also identified in another report, by Paduch et al. [40] , at a frequency of 9.1 % in patients with a known SCOS histology. We observed this haplotype in 5.55 % of (Tables 2 and 3 .) so, it cannot be assumed as a direct cause of infertility which can arrests spermatogenesis , because it was observed in all groups. In addition to focus on just the 370-371insACA, 494 T>C, and 1423C>T haplotype, two other variants in the gene were also evaluated. The 1737G>A substitution occurred only in azoospermic patients. The 1090C>T substitution occurred in azoospermic patients and also in men with history of idiopathic RPL but it wasn't seen in control group. In our research, the frequency of total mutation was 15.1 % in azoospermic patients (25/166) and 19.4 % of men with idiopathic RPL (14/72) ( Table 3) . Paduch et al. identified several variants causing an amino acid changes, leading to infertility in a total of 10.6 % of patients (20 of 188) [40] . We concluded that USP26 gene alterations may either cause infertility or be a predisposing factor.
The USP26 gene is expressed in the preliminary stages of spermatogenesis [36, 40] . According to our results, expression of USP26 is not limited to germ cells meanwhile; it is also expressed in Sertoli cells. Our findings on the presence of USP26 mRNA are in agreement with another research which reported USP26 expression in patients with normal histology, SCO, and maturation arrest [40] . To our knowledge, this study is the first report of comparing the expression level of USP26 in different azoospermic patients. No study so far has evaluated expression levels of the USP26 mRNA by Quantitative RT-PCR. Lower expression of USP26 was anticipated in patients with SCO, and this experiment has proved us right. In our study, the expression levels of USP26 gene were lower in patients with SCO than that of in patients with obstructive azoospermia with complete spermatogenesis.
Defective chromatin packing and increased histone to protamine ratio are some of the factors which lead to DNA damage [36, 50, 51] . USP26 is involved in histone removal during protamination consequently its malfunction may lead to DNA damage [40] . A negative association between the degree of DNA damage with various indices of fertility such as fertilization rate, embryo cleavage rate, implantation rate, pregnancy and live birth rate was observed [52] . Sperm DNA damage is also one of the major underlying causes of recurrent spontaneous abortions [50] . The spontaneous abortion rate is 1.7-fold higher when more than 30 % of sperms contain fragmented DNA. The chances of live birth and conception decreases drastically when DNA fragmentation index is >30 [53] . In a research reported by Paduch et al. there were no live deliveries in couples with the USP26 mutation [40] . Mutations and lower expression of USP26 may lead to increase histone levels in sperm DNA after complete differentiation and consequently to increase the sperm DNA damage. Men with idiopathic RPL may have apparently normal sperm parameters, but the germ cells may harbor DNA damages, which cannot be predicted by routine semen analysis [52] . Our result supports important roles of USP26 in male fertility. 
Conclusion
In conclusion, the present data suggest that USP26 gene mutations could play crucial role in causing infertility in men and these mutations might be associated with infertility in couples who suffer from RPL. A number of mechanisms have been previously reported to show how the paternal component can affect the embryo, implantation and recurrent miscarriages. This fact more strongly suggests a much more important role for the male factor in the recurrent miscarriage etiologies.
